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ABSTRACT
A method of determining photoresist image modulation was
investigated and utilized, in determining the effect of varied
resist thicknesses on modulation for both a high and low contrast-
system. Modulation is defined in terms of maximum and minimum
energy required to clear a line/space pattern in the resist image.
In This study, useing the resist as the threshold detector,
chemical contrast is compared to physical contrast in terms of
modulation. Shipley's MF314 and MF312 are the two different-
contrast development systems used. This study has shown that
beyond 11700 A of resist thickness, physical modulation is reduced
to a measure of difference between Emax and Emin, and tells very
little about the true modulation. This is in part due to a loss of
developer interaction with modulation at resists thicker than
11000 A. This holds for both MF312 and MF314.
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INRODUCTION
Progress, as defined by the microelectronic industry,
revolves around the size and number of devices accurately
imaged per silicon wafer. A device, in simple terms, is a
reduced image of a very intricate electrical circuit. The
smaller the circuit can be imaged, the more devices that can be
fit onto a single silicon wafer, and thus the greater the
productivity. It is obvious then that requirements for smaller
and smaller geometries is never ending. These requirements are
thus related to the performance of the imaging and recording
mediums, used to produce these devices. Greater knowledge of
2
these mediums could only benefit the industry. As concluded in
an article by Frey,Guild, and Hryhorenko, EDGE PROFILE AND
DIMENSIONAL CONTROL FOR POSITIVE PHOTORESIST, "Positive resists
are the imaging medium for much of today's and more of
tomorrow's technology. Continued progress will be aided by a
more complete understanding and control of the resist materials
and their response to all factors involved in the
3
photolithographic process.".
The modulation transfer function is one method of
measuring the performance of an optical or photosensitive
device. There have been many studies within the microelectronic
field using these techniques in the characterization of image
modulation. The MTF itself relates the original object to the
final image. In other words, it equals the output modulation
divided by the input modulation. As stated by King however,
"There is no transfer function from which one can predict the
exact imagery that will result from a given mask
pattern."
This statement actually means that the MTF measurement is a
calculation used for sinusiodal waves as opposed to square
waves. The square wave modulation can be obtained in the usual
fashion using Imax and Imin. There is also a method described
by Scott, Scott, and Shack which calculates sinusiodal MTF's
from contrast terms. Contrast can also be thought of as a
signal, and the relationship between that signal and the noise
associated with the resist, can describe the capability of a
7
photoresist to reproduce images accurately.
There have been numerous papers written that incorporate
this method of studying image contrast, a few of which will be
8 9 10
discussed here. ' '
In their article, CONTRAST IMPROVEMENT BY ANTIREFLECTION
COATINGS FOR MASK AND WAFER IN 10:1 PROJECTION OPTICS, Arden,
Klose, and Krause analyze the degradation of image contrast due
to the scattering of light in 10:1 projection printing. A
series of contrast measurements were used to determine image
modulation while varying field position, mask polarity, mask
reflectivity, and wafer reflectivity. Their method of gathering
data and how it was used is of particular interest, rather than
the actual conclusions drawn.
Contrast of a grating consisting of equal lines and spaces
was determined by dividing the difference between the maximum
and minimum intensities between dark and clear bars, by the sum
of the same intensities. This is a typical method of
calculating modulation. In order to find the image contrast
they employed the use of a positive photoresist as a threshold
detector. Contrast was then calculated as above, using maximum
and minimum energies. Emax being the maximum amount of energy
needed to totally remove an imaged resist line, and Emin being
the minimum energy required to induce a detectable amount of
resist loss. Since their research required the resist
parameters to be kept constant, a thin resist was used to
11
minimize lateral development.
A similar method of determining image modulation, in terms
of using the photoresist as the threshold detector, was also
12
applied by King and Goldrick.
"
In their work involving optical
MTF evaluation of microelectronic printers, they present a
detailed discussion on their measurement techniques of certain
optical devices. The article also defines the use of positive
photoresist as the only resonable choice for a detector.
Experimental procedures involved exposing a positive
photoresist coated silicon wafer, to a variable intensity
chrome mask. From this one exposure the MTF was calculated. The
fact that all the information needed to calculate MTF is found
on just one wafer makes this method very convenient. Again the
Emax and Emin are measured and modulation calculated from them.
The modulation at the mask was also found using Emin and Emax
levels of relative exposure coming from the mask. As did Klose,
Krause, and Arden,
"'
King and Goldrick conduct their experiment
independent of resist parameters and the resist's specific
characteristics. Results from their work thus represent a
quantitative evaluation of photolithographic printers, with
minimized resist
effects."
Other studies- conducted by Oldham, Neureuther, and
Subramanian, using MTF to compare optical performances in
projection lithography, acknowledge the importance of resist
parameters in profile quality. However, they do not concentrate
their studies on these parameters affect on modulation either.
Discussed in this paper is the affect of local intensity on
lateral resist development. They state that at its minimum,
intensity steepens profiles and reduces sensitivity of
linewidth to process parameters.
Subthreshold energies are any energy level below which
there is no detectable response at the resist . Subthreshold
energies, in connection with the unexposed resist removed
during develop, can define lateral develop rates of the
resist/developer system. In general terms, there will always be
some degree of development, whether or not threshold energies
16
are reached during exposure.
In all three papers , photoresist thickness was kept as
thin as possible to maximize vertical resist development. By
keepina resist parameters constant, any conclusions drawn from
their work do not include resist effects. The industry can
continue to optimize masks, printers, and the optical systems
involved with the final production of an image, however
photoresist is the last imaging element in the system therefore
becoming the last limiting factor with regard to image quality.
It's parameters and characteristics are the last of the major
factors (during exposure), affecting the image. It can be said
then that even the best images reaching a resist are subject to
that resists performance. For these reasons resist performances
need to be examined and pushed to their limit in image quality,
and new methods of evaluation investigated.
This research has utilized similar experimental techniques
discussed above, in terms of finding modulations using
photoresist as the threshold detector. In contrast to these
reports however some resist parameters have been varied. In
particular, a high contrast resist/developer system will be
compared to a low contrast resist/developer system as resist
thickness is varied. A low contrast system being one that
responds to subthreshold exposures, and a high contrast system
being one which is very selective, and thus response to low
1 7
exposures is minimized .
The desire to maximize resist thickness for one of these
systems stems from the fact that thickness is an important
factor in resolution and linewidth latitude capabilities.
Tradeoffs for thick and thin resists are respectively, greater
line conrtol latitude in exposure and protection against
pinholes, and smaller line width
error.19
This experimental set up will also use a comparison of the
physical contrast referred to as modulation and the chemical
contrast referred to as gamma, using the following calculation
to obtain a chemical
modulation:19
CHEMICAL MODULATION = <
101/,f
-1 ) / <
101/,f
+1 )
In summary, this research will examine modulation from
the point of view of the photoresist, using resist thickness
and different developers as variables. The resist will be
used as the threshold detector and chemical and pysical
modulations will be related in relation to the changing
thicknesses for the two different contrast systems used (MF314
and MF312).
II. EXPERIMENTAL
All equipment, materials, and lab facilities were provided
by Shipley Company Inc. . These include the Perkin-Elmer 111
Micralign, GCA Wafertrac 2000, Nanospec AFT, OAI exposure meter
with 405 nm detector, and microscope with lOOx objective. In
addition, resist materials, masks, silicon wafers, and resist
developers were also supplied by Shipley.
Image modulation is determined by using a positive
photoresist as a threshold detector. This method has been in
use in photo-optical experimentation for many years. This
contrast term can be visualized below in Figure 1 , in terms of
image modulation for a square wave pattern, (grating of equal
line and space pairs) . . INCIDENT
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Illustration of contrast in optical
imaging with square wave patterns.
Contrast then is given by:
C = Imax - Imin
Imax + Imin
for intensity maximum and minimum, or rather the light
intensity at light and dark regions of the grating in the image
plane .
In using photoresist as the threshold detector, we can not
only determine modulation at the imaging planes of the optical
system, but we are also able to determine modulation at the
resist surface. By measuring exposure doses (Emax and Emin),
for the resist, a similar method of contrast determination can
be used .
M = Emax -Emin
Emax + Emin
These contrasts will be referred to as modulation in this paper
so as not to be confused with (fr), a contrast term also used
later. These two critical exposure energies can be pinpointed
by performing a series of exposures to locate the minimum and
maximum amounts of energy to clear line and space pairs. More
specifically, Emin being the minimum amount of energy at which
the crating spaces
begin to clear, or grating lines begin to
bridge. Emax is then the maximum amount of energy needed to
completely clear
the line image of resist. Examples of the







Contrary to similar determinations made to examine
optical perfomance, (where lateral development is kept at a
minimum by using thin resist coatings) this test will vary
the resist thickness to create lateral development in
order to study its affect on resist image modulation.
To obtain the desired the thicknesses of 4000,8000,12000,
o
and 15000 A, spin speed curves were generated for various
percent solid solutions of the same resist. Chuck spin speed
was plotted as a function of thickness and a linear regression
used to obtain the equation of the line. Once the correct-
percent solid and chuck speed combinations were found for all
thicknesses, samples were
prepared for testing.
All tests follow a standard coating, exposure,
development, and measurement procedure. 3" silicon wafers
were dehydration baked for 10 minutes at
200
C, HMDS vapor
primed for 10 minutes, coated and soft baked for 30 seconds at
o
90 C. Coating and soft bake were done on a GCA Wafertrac
2000. Actual resist thicknesses were measured on a Nanospec
AFT. These thicknesses were shown to vary only
+/- 15 nm, (150
e
A). To obtain the desired thicknesses, varied percent solid
solutions of resist were mixed and spun at various and rpm's. A
plot of scan speed vs energy in (mj) was generated for the
Perkin-Elmer 111 Micralign at the start of each new session to
determine lamp degradation, if any. Actual energies were
measured using an OAI exposure meter with 405nm detector
(+/-
2
0.1 mj/cm ) .
Wafers were then exposed in a trial and error fashion to
locate the respective scan speeds needed for each samples Emax
and Emin value. Once these scan speeds were found,
corresponding energies could be taken directly from the scan
speed vs energy curve.
Each test wafer was developed and given a post exposure
bake of
100
C for 60 seconds. This post exposure bake was
intended to reduce standing waves that might have hindered the
determination of Emax and Emin values. When exposing
photoresist with monochromatic radiation, standing waves form
as a result of a coherent interference from the reflecting
silicon substrate, creating a periodic intensity distribution.
The result of such standing waves is shown in figure 4.
". ',
Although this test used polychromatic illumination, this step









Electron micrograph of standing wave effects.
Since we are comparing two different contrast developers,
it was desirable to have the same energy thresholds for both
developers. For this reason, a 45 second MF314 spray and a 30
second MF312 spray, at 5000 rpm's,were the development programs
used. Development occurred within one hour of exposure and soft
bake .
Using a micorscope, Emax and Emin values were visually
determined as described earlier. At high energies, typically
when looking for Emax values, the subjectivity of the
measurement is limited by the instrument. Consequently, the
Emax values were determined to within
+/- 1 scan speed, meaning
2
an energy uncertainty
of approximately 5 mj/cm . The
determination of Emin however, was much more subjective. At low
light intensities or subthreshold energies, a scum layer can
form, and if not identified as such, can be mistaken for Emin.
Emin appears as the first point at which bridging between line
images of resist begins.
13
III. RESULTS
Figure 5 represents sensitivity, or response curves for
the varied resist thicknesses and developers. These contrast
curves were used to measure a chemical contrast ( X) , for each
resist thickness and developer combination. These gammas were
determined from the slope of the lower 50 % of each curve.
Energy thresholds (Et) were also taken directly form these
plots. Et's correspond to the energy at which resist thickness
equals zero, or where each curve strikes the x axis.
For purpose of convenience, figure 6 refers to a
"physical"
modulation, where in fact it represents a combined,
or rather a measured physical modulation with a specific
chemical threshold. All energy values were normalized to Et
units by dividing a specific thicknesses Emax or Emin by its
respective Et value.
Chemical modulations were calculated using the contrast-
values from figure 7 and plotted as a function of thickness in
figure 8. These curves tell us the relationship between the
resist/developer combination and resist thickness.
To relate this chemical modulation to the physical
modulation, a
ratio of the two was plotted in figure 8. When
chemical modulation equals zero, or where E( initial) =
E(threshold) , we can
expect the best possible imaging potential
due to the chemistry. While physical modulation musr approach
1.0 to reach its best imaging potential. Therefore wher. the
ratio between the two is greater than 1 . 0 , acceptable
--5 p.
patterning occurs.
The slopes from the linear relationship in figure 3, are
termed extinction coefficients. As these extinction coefficient
approach zero, the system approaches its greatest potential, in
terms of highest contrast.
Tables I and II include all normalized energies (Emax and
Emin), actual thicknesses, energy thresholds, ccnrrasts,
physical modulations, chemical modulations, and the ratio's
between the two modulations for both developers.
Figures 10 and 11 show differences between Emax and Emin
values as a function of resist thickness. If the differences
between Emax and Emin are large we are looking at a higher
contrast system and vise versa.
The scan speed vs energy for the Perkin Elmer III along
with the actual spin speed curves for desired thicknesses can








































































































































































































































Normalized energies and calculations for MF314 development:
Thickness Et Emax Emin Modulation Ratio
h Physical Chemical
14700 176.0 19 3.21 1.31 .42 .06 7.0
10300 158.5 18.3 3.18 1.52 .35 .06 5.5
7700 131.8 7.80 3.03 2.09 .18 .15 1.2
3800 112.2 2.80 3.41 1.81 .14 .56 0.25
TABLE 2
Normalized energies and calculations for MF312 development:
Thickness Et Emax Emin Modulation Ratio
A Physical Chemical
14700 112.2 3.31 4.28 1.50 .48 .33 1.45
10900 77.6 3.5 2.45 1.83 .14 .32 .44
7700 45.7 3.44 3.28 2.45 .14 .32 .44
3800 26.3 1.32 2.43 2.05 .08 .70 .11
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IV. DISCUSSION
From figure 5 and the extrapolated contrast terms (f) and
threshold energies (Et ), it can be seen that MF314 developer
is a higher contrast development system with a lower
sensitivity. This contrast term ( JT ) , actually represents a
chemical contrast due to the resist/developer combination used.
It whould also be noticed that the Et
'
s for the different
developers do not match as thought. This was discovered to be a
result of the addition of the post exposure bake. Development
programs were adjusted prior to adding the post exposure bake.
Looking at figure 6, the actual physical contrast, or
modulation, is shown as a function of resist thickness. It
would appear from this plot alone, that there is an apparent
increase in modulation due to increased resist thickness.
However at the thickest resist (14700A), MF312 yields a higher
modulation than MF314, while in figure 5 it was already shown
that MF314 was the higher contrast developer. One consideration
at this point should be the fact that changes in resist
thickness also change optical path length. Another possible
cause for this result could be the apparent attenuation of
light intensity due to the varied resist thicknesses. Figure 9
illustrates this attenuation, and the linear relationship
between Log Et and resist thickness. The slopes of these two
24
lines determine an extinction coefficient which refers to the
decrease of intensity of light as it passes through a
substance, in this case the resist. This extinction coefficient
can be influenced by both absorbtion and/or scattering within
the resist. These curves are also influenced by contrast and
are not just an effect of the changing optical density. Since
we MF314 has a lower slope or extinction coefficient, it is
again obvious that MF314 is the higher contrast development
system .
What has been termed as a chemical modulation (not to be
confused with ( IT ) , the chemical contrast) is shown as a
function of thickness in Figure 7. This plot can be used to
speculate as to what degree the chemical (resist/developer)
contrast effects the final physical (resist/printer)
modulation. MF314 seems to have its greatest effect at
o
thicknesses less than 11000 A, while MF312 has its greatest
effects below 7000 A. Each developer seems to have a thickness
at which the lateral development is saturated.
To further investigate this relationship, the ratio of
physical to chemical modulation is plotted as a function of
thickness in figure 8. When this ratio is greater than one we
2*





MF314 at thicknesses greater than 8000 A is
workina at an
acceptable range. The known performance level of
that Perkin Elmer III, was to be 64%, for 1.5 micron lines, at
22
a thickness of
4000 A. It can be concluded then that during
25
experimentation, the Perkin Elmer III was operating at at least
a 48% loss in modulation. Reasons for this modulation loss will
be discussed later.
Figures 10 and 11 , using the actual normalized Emax and
Emin values show that MF314 is a higher contrast development
system. Although this plots result just reinforces the result
of figure 5, it is of particular interest because it traces
where each samples Emin began. Going back to Figure 6 and
relating it to figures 10 and 11, justifications for this
greater modulation in MF312 than in MF314 at 14700 A, can be
made. Close examination of the Emin values at 14700 A shows a
difference of only . 04m j/cm between MF314 and MF312. The
difference between the same thicknesses Emax
'
s is also only .80
2
mj/cm . At this thick a resist layer, it could be possible that
no matter which developer is used, the same amount of energy is
needed to cut through such a large amount of resist. As with
the thinner resist the thickness does not play as great a role
in determining differences between Emax and Emin. This can be
backed up using figure 7. This plot shows both developers
chemical modulations leveling out at 8000 A. This supports the
araument that an increase in physical modulation due to
increased thickness is only an apparent one, and that the
increase is partly due to the
fact that the thicker resist
pumps up the
modulation calculation but only because the system
has more resist to cut through. What this means is that as
resist thicknesses increases, there will be a specific
26
thickness at which the modulation calculation is no longer
valid but that, physical modulation turns into a measure of
difference between Emax and Emin with no information as to
thearea between them.
Due to the fact that the Perkin-Elmer was operating off of
its vibration pads, it can be concluded that the
loss of







The increase in physical modulation due to thickness has
been shown to be only an apparent one, due to its relationship
with the optical system under which the image was produced. The
Perkin-Elmer was operating at a very low modulation, due to
vibrations. The combination of these vibrations and the
apparent saturation of lateral development at thicker resists,
indicates that the optics of the exposure device are the
driving factor of the physical modulation. At 14700 A, the
higher modulation exhibited by the MF312 was explained to be
related to the amount of resist, and not to the developers. The
contrast of the certain developer may be a controlling factor
up to a specific thickness, but once that thickness is reached
the developer contribution to modulation is minimal.
28
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